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Ferromagnetic resonance and magnetoresistive measurements evidencing 
magnetic vortex crystal in nickel thin film with patterned antidot array 
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Ferromagnetic vortices deliver robust out-of-plane magnetization at extremely small scales. Their handling 
and creation therefore has high potential to become a necessary ingredient for future data storage technologies 
in order to keep up with the pace of growing information density demands. In this study we show that by 
using one step nanolithography method, we are able to create ferromagnetic vortex lattices in thin nickel films. 
The necessary control of the magnetic stray field at the domain edges was achieved by actively modifying 
the ferromagnetic thin film anisotropic properties at nanometer scale. We present experimental evidence 
using ferromagnetic resonance and magnetoresistance measurements supporting simulations based on the 
theoretical prediction of the proclaimed vortex structures. 


Anisotropic magnetoresistance (AMR) occurs as a 
weak phenomenon in any soft ferromagnetic material. 
The exploitation of this effect enabled the develop¬ 
ment of the first industrial magnetic sensors. However, 
due to fundamental limitations owing to the spin-orbit 
interaction^, junctions based on AMR did not exceed the 
1%-mark. Later advancements in microstructure design 
allowed the creation of heterostructures involving multi¬ 
ple layers of magnetic and nonmagnetic conducting mate¬ 
rials. As a result, the ’’giant” magnetoresistance (GMR) 
was discovered, leading to a huge increase in the mag¬ 
netic sensor sensitivity^!^. Innovative material composi¬ 
tions that introduced antiferromagnetic pinning layers to 
(exchange-) bias the coercive fields of the ferromagnetic 
films opened the door for the design of very efficient and 
reliable magnetic switches^. 

The necessity to produce hard disc drives with in¬ 
creasing storage density to cope with the advancements 
of the computer industry and the internet demanded 
even larger magnetoresistive effects. Following the trend 
of scaling down computer architecture to the nanome¬ 
ter range, the nonmagnetic conducting films in GMR 
junctions were replaced by ultra thin insulating oxide 
films to allow electronic transport only via quantum 
tunneling. The spin filtering properties of those tun¬ 
nel magnetoresistance (TMR) junctions hence increased 
dramatically^. Benefiting from this very high magnetic 
sensitivity, devices such as the magnetoresistive random- 
access memory (MRAM) became feasible. Today, new 
challenges arise as a product of recent industrial develop¬ 
ments. Improving the speed and durability of magnetic 
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Figure 1. (a) Atomic Force Microscopy (AFM) image of the 
sample, (b) AFM three-dimensional visualization (c) Micro- 
magnetic simulation of the ground state after magnetization 
relaxation with randon quirality and polarization, (d) Mag¬ 
nification of the spin configuration inside a single vortex. 


recording as well as reducing the power consumption be¬ 
comes important to a growing number of applications. 

Approaches to potential solutions include the magnetic 
domain-wall racetrack memory^ and magnetic dots^“— . 
Among the latter, nanodisks appear to be very promis¬ 
ing candidates once they allow magnetic vortices as sta¬ 
ble statesiid— , which would enable controllable switching 
between a couple of holes and thus yield tiny logic binary 
elementsi^. Large arrays of nanodisks have been pro¬ 
posed to complement thermally assisted MRAM devices 
in order to improve stability and to avoid magnetostatic 
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Figure 2. (a) Ferromagnetic resonance measurements data obtained with applied magnetic field in unpatterned Ni thin film 
in-plane sample (black lines) and out-of-plane (red dots), with rotating angles from (90°) to (0°), (b) in-plane measurements 
performed in patterned sample and (c) out-of-plane measurements performed in patterned sample. 


traps, as they occur in ordinary rectangular elementsi^d^ 
and thus demand relatively strong readout fields. 

In this work, we corroborate experimentally the theo¬ 
retical prediction that suitably patterned array of plat¬ 
ters, supports a magnetic crystal vortex, due to the 
anisotropy generated by the stray field on its antidot 
bordersii. This system brings advantages in relation to 
arrays of nanodisks (conventional elements that support 
a vortex state), once the vortex are electrically connected 
in the same material, resulting in low power consumption 
in vortex manipulated by alternate currents^. We char¬ 
acterize the as-fabricated samples using ferromagnetic 
resonance (FMR) and magnetoresistance (MR) measure¬ 
ments and bring the observed behavior in context with 
theoretical predictions of the vortex configuration and 
spin dynamics^. 

For patterning, a silicon substrate previously covered 
with a 250nm polymethylmethacrylate (PMMA) film 
was brought into a RAITH e-LINE Plus system, where 
the exposure of the antidot design was performed. This 
procedure was repeated several times to form shapes with 
area of 100/xm^ (see Fig. [T]a and b). After the develop¬ 
ment of the PMMA film, the samples were placed into a 
Thermionics e-Beam evaporation system where a 30nm 
nickel (JVi) film was deposited on top of a 5nm titanium 
seed layer. A gold capping layer of 3nm was deposited 
on top of the sample to prevent JVi oxidation. In this 
step, we also performed a sample with same thickness 
but without patterning for comparison. The structures 
were eventually finalized by a lift-off process in an ace¬ 
tone ultrasonic bath. The magnetization dynamics of the 
as-fabricated samples have been investigated via FMR 
carried out in a X-band spectrometer (Bruker EMX Pre- 
miumX, equipped with an ER 4102ST resonator). For 
the MR measurements electric contacts were developed 
by photolithography defining regions where a 50nm thick 
gold was deposited. Subsequently, a lift-off process pro¬ 
vided two electrodes in the borders of the antidots sam¬ 
ples with channels of 80 fim length, on which a direct 
current of lOmA was applied. Micromagnetic simulations 


performed with the software Object Oriented MicroMag- 
netic Framework {OOMMF)^, utilizing square mesh of 
5nm edge and parameters for Ni as saturation magne¬ 
tization 4.3xlO^A/m, exchange constant 9x10“^^J/m^, 
cubic anisotropy constant —5.7x10^ J/m^ and damping 
coefficient 0.01, provided ground state magnetization of 
vortex crystal configuration in which chirality and po¬ 
larization appear to be randomly distributed throughout 
the sample (see Fig. [T] c and d). Upon application of 
external magnetic field in parallel to the sample plane 
(in-plane configuration), a relatively small magnetic field 
is sufficient to annihilate the vortex patterns, as demon¬ 
strated in previous worbi2i2i. Furthermore, the spins 
seem to relax and align with the external applied mag¬ 
netic field except at the borders, where the spin-stray 
field tends to pin the spins parallel to each border—. 
Once two adjacent borders are perpendicular to each 
other, the spin-stray field coupling may render the sample 
to be magnetically anisotropic. Indeed, in the compar¬ 
ison between experimental FMR performed in uniform 
30nm Ni thin film and in patterned sample in function of 
rotating angle in-plane and out-of-plane, depicted in Fig. 
[5J is possible to note that in the thin film the peak of res¬ 
onance field (Hu) is isotropic in-plane, see Fig. [^a, while 
presents a slight change in out-of-plane configuration due 
to the shape anisotropy. However, in the measurements 
performed in patterned sample in-plane configuration, 
presented in Fig. [5] b, the value for Hfi isotropic peak 
is lower, around l.IkOe (at 0°), which shifts towards 
higher values as the applied magnetic field in-plane angle 
progresses towards 90°, thus accounting for the pinning 
of spins at the borders of the platters. This behavior 
is similar to the commonly observed one in anisotropic 
magnetic systems^^. When the FMR measurements were 
performed starting with the external magnetic field ap¬ 
plied out-of-plane, besides the FMR peaks at l.IkOe, 
a huge peak observed at 2.4kOe (Fig. [5] c) can be at¬ 
tributed to the resonance field of vortex core polariza¬ 
tions. This, therefore, tend to align and remain very 
stable along the applied field axis, similarly to what hap- 
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pens in nanodisk arrays^. At magnetic field strengths of 
around 11.6kOe, in the out-of-plane saturation magneti¬ 
zation regime, more FMR peaks are observed, suggest¬ 
ing formation of magnon excitations, as shown in Fig. 
[2] c and in more detail in Fig. |4] c. A similar behavior 
was observed in perpendicular FMR spectrum analysis 
on micrometer-sized disks, recently reported by Castel 
et alji^. It was shown that in the saturated regime, one 
main resonance line along with several peaks decreas¬ 
ing in amplitude on the low-field side is observed in the 
disk array. These multiple resonance peaks have been 
attributed to standing in-plane spin-wave modes. 

In the present context, the externally applied mag¬ 
netic field is divided into two components, namely in¬ 
plane and out-of-plane contributions. As the effective 
out-of-plane component decreases with tilting angle, Hr 
increases from 2.4kOe to 6.5kOe, as a result of fixed 
core orientation along out-of-plane axis. On the other 
hand, the in-plane component is responsible for increase 
in magnetization of chiral spins aligned along the exter¬ 
nal field axis, which causes vortex quenching bellow 15°. 
For better observation, the behavior of Hr (black) and 
peak amplitudes (red dash) in function of rotating angle 
in both in-plane and out-of-plane configuration, for pat¬ 
terned sample and Ni thin film are summarized in Fig. 
[21 where squares and circles represent the first and sec¬ 
ond peak, respectively, observed in the patterned sam¬ 
ple, while triangles represent the peak in Ni thin film. 
From this data is possible to follow the similar behav¬ 
ior of thin film Hr peak and first peak in the patterned 
sample that is suppressed by the vortex peak after 60 
°. In our experiment, the AC microwave magnetic field 
is perpendicular to the DC sweeping field. As the ab¬ 
sorption peak intensity is related to the configuration of 
microwave incidence in the thin film samples, due to the 
magnetic material interaction, the values will be always 
lower in-plane than in out-of-plane configuration, as can 
be notice in a comparison of values in figures [2] a and |2| 
b. The intensity increase in thin film peak with satura¬ 
tion after 60 °, represented by red triangles in Fig. [3] a, 
can be related to the alignment of sample plane with the 
AC microwave magnetic field and the second peak inten¬ 
sity represented by red circles behaves like the first peak 
(red squares), after vortex quenching. In Fig. |2| b the 
isotropy expected for peak intensity and Hr in the thin 
film in-plane configuration was confirmed, while the spin 
pinning in the borders of antidots gives rise to anisotropy 
in the patterned sample. 

Our observations were corroborated by theoretical dy¬ 
namics investigations performed by micromagnetic sim¬ 
ulation in Mumax^ GPU based code^^. With same Ni 
parameters described before and following procedure uti¬ 
lized in reference a^^i^^ , we have applied an alternating 
field, which is bases upon the following equation: 

By^ = (1 - e^*)Bac,ocos{ujt) ( 1 ) 

, with same intensity Bac,o = lOOe and A ~ / = 
a;/(27r) = 9.5GHz, utilized in experiment. For each step 



Figure 3. (a) Resonance field and peaks intensity performed in 
out-of-plane configuration as a function of angle in patterned 
sample and Ni thin film and (b) Resonance field and peaks 
intensity performed in-plane configuration. 


of DC Bz, 1000 interactions during 5ns were performed. 
After discard the 600 first interactions and apply Fourier 
transform in the stable ruy signal, we have obtained the 
absorption data presented in Fig. 0|a. The derivative of 
the data lorentzian fit gives the FMR spectra, which is 
compared with non-saturated regime experimental data 
in Fig. m b and saturated regime in Fig. |4| c. The main 
peaks observed experimentally were also present in the 
simulations, despite of the difference between the exper¬ 
imental and theoretical Hr and peak intensity, which 
can be attributed to the zero temperature in the simu¬ 
lation and defects in sample borders and antidots that 
can act as magnetostatic traps for spin pinning. Addi¬ 
tional experimental evidence of the topological crystal 
vortex based on MR measurements is presented in Fig. 
|S] The MR measurements were carried out with the ap¬ 
plied magnetic field in the longitudinal and transverse 
configuration (in-plane) and in the perpendicular con¬ 
figuration (out-of-plane) at 300Ar. As it can be seen on 
the magnified areas in Fig. [SJ an anisotropic behavior oc¬ 
curs, presumably resulting from a contribution oi Ni thin 
film spin orbit coupling. The main magnetoresistive sig¬ 
nal, however, is attributed to the higher resistance given 
by the random orientation of crystal vortex polarizations 
and chiralities at zero field, which enhance the resistance 
due to the higher density of scattering and spin mixing 
events. The lower resistance observed near the saturation 
magnetization in the longitudinal and transverse config- 
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Figure 4. (a) Data obtained from dynamics micromagnetic 
simulation and lorentzian fit, (b) derivative absorption ob¬ 
tained from the fit in (a) and comparison in non-saturated 
regime experimental FMR data and (c) derivative absorption 
obtained from simulation and comparison with the saturated 
regime. 



urations (in-plane) as well as the vortex core orientation 
with the external field (out-of-plane) is provided by the 
onset of a low resistive path caused by vortex core orien¬ 
tation or in-plane saturation by the out-of-plane external 
magnetic field. Similar behavior was recently observed 
for systems with vortex array^S. The magnetoresitive 
measurements evidently show long-range spin polarized 
transport throughout the system. In Fig. [5] we present 
results for spin polarization calculated from MR measure¬ 
ments performed in same configurations as in Fig. [S]and 
in different temperatures. The highest polarization was 
achieved upon out-of-plane magnetic field sweeping, cor¬ 
roborating our observations of crystal vortice with ran¬ 
dom chirality and core polarization at low magnetic field, 
as highest spin mixing resistive path, and successive low 
resistive path obtained by alignment of vortex polariza¬ 
tion and chirality with the field. The observed linear 
decrease of polarization in function of temperature, is in 
good agreement with the spin diffusion length behavior 
in metallic non-magnetic spacer in multilayer magnetore¬ 
sitive devices^, corroborating our model. 

In summary, ferromagnetic resonance measurements 
were used to assess the anisotropy behavior of as- 
fabricated antidot systems, which is responsible for crys¬ 
tal vortex formation, as it was recently predicted in the 
literature. The crystal vortex configuration was fur¬ 
thermore confirmed by ferromagnetic resonance measure¬ 
ments with the onset of magnon states signature at higher 
magnetic fields. Additional experimental evidence of the 
vortex crystal created by the insertion of the antidots in 
the nickel thin film was assessed by local magnetoresis- 


Figure 5. (a) Magnetoresistance measurements performed in 
the antidot sample in configuration of applied DC electric 
current (a) Longitudinal, (b) Transversal and (c) perpendic¬ 
ular to the applied magnetic field. In the insets are presented 
zoom of the peaks with the anisotropic magnetoresistance sig¬ 
nal expected for ferromagnetic thin films. 



Temperature (K) 

Figure 6. Long range spin polarization measured by local 
magnetoresistance as a function of temperature. 


tance measurements. The anisotropic magnetoresistance 
expected for thin magnetic films is non-zero around zero 
magnetic field and the main isotropic peaks are related 
to the generation of the vortex crystal. The long-range 
spin polarization is highest at low temperatures and de¬ 
creases linearly while with increasing temperature, as it 
is expected for metallic ferromagnetic thin films. 
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